A comparison in the hydraulic pressure range between 10 MPa and 100 MPa was undertaken as EUROMET Project 389. The comparison was originally between five national metrology laboratories but was subsequently expanded to include a further ten participants. The pilot laboratory was the National Physical Laboratory. This report presents the results obtained by each laboratory for the effective area of the piston-cylinder assembly used in the comparison. The results of all participants were found to be consistent with each other and with the calculated reference value, within their claimed uncertainties, at all pressures. The results are therefore considered to be very satisfactory.
INTRODUCTION
A comparison of hydraulic pressure standards in the range 10 MPa to 100 MPa has been carried out within the framework of EUROMET during the period 1996 to 1999. This paper gives details of the comparison method and details of the results obtained.
The comparison, designated EUROMET Project 389 comprised 15 participants, and was organized on a 'petal' basis, with the transfer standard returning periodically to the pilot laboratory (National Physical Laboratory, UK) for assessment.
The laboratories which took part were:- 
PARTICIPANTS' STANDARDS
For the measurement of pressures up to 100 MPa, the standards used are pressure balances. The participants consisted of both those laboratories with primary pressure standards, and those with secondary pressure standards, ie they are traceable to another laboratory. Indeed, some of the participants within this comparison used standards directly traceable to other laboratories within the comparison.
Those participants with primary pressure standards were NPL, PTB, BNM-LNE, CNR-IMGC, NMi and CMI.
TRANSFER STANDARD
The transfer standard used in the comparison was a commercially available pistoncylinder assembly manufactured by Desgranges et Huot. It was of nominal 'Kn' value 1 MPa/kg, thus to achieve the highest pressure of 100 MPa a load of 100 kg was required.
Both piston and cylinder were manufactured from tungsten carbide with a temperature coefficient of expansion for effective area of 9.0 × 10 -6 °C -1 . The nominal effective area of the piston-cylinder assembly was 9.8 mm 2 and its density was taken to be 8200 kgm -3 .
All other equipment required for the calibration of the piston-cylinder, for example the mounting base, ringweights and thermometers, was provided by the participants.
CALIBRATION PROCEDURE
Each participant was required to determine, using the calibration method they normally employ, the effective area, A P , of the piston-cylinder assembly at the nominal pressures of 10, 20, 30, 40, 50, 60 ,70, 80, 90 and 100 MPa. They were also required to report an uncertainty, at a coverage factor k=2, for each value of effective area. A copy of the comparison protocol is in Appendix 2. 
TRANSFER STANDARD STABILITY
Throughout the comparison the transfer standard was calibrated three times by NPL, the pilot laboratory. These results are referred to as NPL1, NPL2 and NPL3. The maximum relative difference in any value of A P between successive calibrations was 5 × 10 -6 . Although this figure is small compared with the pilot laboratory's claimed uncertainty, it has been incorporated into the analysis of the data as part of the uncertainty in the degree of equivalence for each participant.
RESULTS
Data from each participant are given in the tables and a graphic analysis is given in the figures. Table 1 and Figure 1 show each participant's measured value of effective area, at each nominal pressure, in mm 2 . For clarity, no uncertainty bars have been included in Figure 1 . Table 2 shows each participant's reported value of uncertainty, at k=2, for each nominal pressure, in mm 2 . No results were received from Force Institute or SMU and those from SM/MD were not included in this report, as they carried out measurements using a 're-entrant' style of mounting rather than the 'simple' style 1 .
In order to provide reference values, A Pref , for the comparison, the median of values of A P at each pressure has been taken, from those participants with primary standards for pressure. To avoid biasing the results, only one set of data from NPL, that designated NPL2, has been used. The main advantage of using the median value rather than a weighted mean value is that weighted means are not statistically robust because they can be too easily influenced by individual results.
The uncertainty in the median has been calculated using the method of Müller [1]. This calculation is based on taking the median of absolute deviations from the median of the results contributing to the reference value, multiplying by 1.858 (derived in [1] ) and dividing the answer by the square root of one less than the number of results.
where s is the uncertainty n is the number of participants contributing to the reference value MAD is the median of absolute deviations from the median. Table 3 shows the reference value at each nominal pressure together with the corresponding uncertainty, at a confidence level of k=2.
The degree of equivalence was then calculated from the difference between each participant's value of A P and the reference value, at each nominal pressure. The uncertainty in the degree of equivalence was calculated by combining the uncertainty reported by each participant with the uncertainty in the median and the shift in performance of the transfer standard observed by the pilot laboratory, by the root sum of squares method. Table 4 shows the degree of equivalence for each participant together with the uncertainty associated with each degree of equivalence, at a confidence level of k=2. As a summary, figures 2 and 3 show the relative difference between each participant and the reference value, calculated from
Results are shown in order of participation, with the length of each error bar indicating the combined uncertainty. The centre of each error bar indicates the relative difference.
CONCLUSION
The results of this comparison are very satisfactory. Participants can be considered as being consistent with the reference value, and each other, within their claimed uncertainties at a confidence level of k=2, if the degree of equivalence is less than the uncertainty in the degree of equivalence. From Tables 4 and Figures 2 and 3 it can be seen that this is the case for all participants at all pressures.
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Equipment
The transfer standard is a Desgranges et Huot piston-cylinder, serial number 1000, belonging to NPL. Its temperature coefficient should be taken to be 9.0 ppm/ o C and the mean density of its floating element taken to be 8200 kg/m 3 . All other equipment (eg mounting columns, ring-weights and thermometers) is to be provided by each participant.
Calibration method
The calibration method should be that which is normally employed by each participant for determining the effective area (A p ) of a pressure-balance at nominal pressures of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 MPa. The values of A p , together with the respective measurement uncertainties, will be the main basis of the comparison.
Additional calculation (optional)
Participants are invited to calculate the effective area of the piston-cylinder at zero pressure (A 0 ) together with any pressure dependent term (λ), with associated uncertainties. This will allow a second method of comparing participants' results.
Information to be reported
1 Values of A p at the 10 nominal pressures specified, each with an uncertainty in the measurement (coverage factor k=2) and the date(s) on which practical work was undertaken.
2 A short description of standard(s) against which the transfer standard was calibrated, including the origin of its traceability to the SI.
3 A short description of the method of calibration including whether the p-method or ∆p-method was used.
4 Optionally, the calculated values of A 0 and λ, each with an uncertainty in the measurement.
APPENDIX 3: ALTERNATIVE REPRESENTATION OF DATA
As an optional part of the comparison, participants were invited to calculate values for A 0 , the effective area of the piston-cylinder assembly at zero applied pressure, and λ, a pressure-dependent term. These are the parameters which are typically reported on certificates of calibration for piston-cylinders. Values of these parameters were supplied by participants, and they are shown, together with their associated uncertainties, in Table 5 .
The use of such terms to model pressure balance area vs pressure data can result in additional errors -essentially because the 'residuals' (the difference between a measured value and a value calculated from a straight line model) are not zero.
Although not expected to be significant in this case, the comparison results were recomputed from the A 0 and λ values supplied.
Values of A P ′ were calculated for each of the nominal pressures, where measurements were taken, using the equation:
where P is the pressure in MPa From these data, new reference values and their uncertainties were calculated, again using the method described in Section 6. The differences between each participants' calculated values of A P ′ and the new reference values, together with the associated uncertainties, are shown in Table 6 and graphically in Figures 4 and 5. Note that the values of uncertainty in A P ′ were not computed but were taken to be the same as the uncertainties in A p.
As can be seen from both Table 6 and Figures 4 and 5, when using the alternative method of representing pressure balance effective area data, all participants remain consistent, with the reference values and with each other, within their claimed uncertainties at a confidence level of k=2. It should be noted, however, that whilst good agreement between the laboratories is shown in both methods of presenting effective area data, they produce noticeably different numbers. The 'A 0 and λ modelling' technique, by its nature, introduces additional errors which depend on the particular method used to determine the 'best-fit' equation and the degree of linearity of the pressure balance's effective area vs pressure characteristic. The differences should be taken into account when considering the relationship between international comparisons and routine calibration services. Figure 1) 
